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CERN SPS Ecloud/TMCI Instability R&D Effort

that causes the beam to go unstable under the action of the
electron cloud wake-field is schematically shown in Fig. 1.
Assuming that the bunch enters the electron cloud with its
head slightly offset (upper part of Fig. 1), there will result
a global net force acting on the electrons towards the head
centroid position and consequently an accumulation of
electrons in that region. The newly reconfigured electron
distribution will thus kick the following bunch particles
toward the higher density region. The motion of the head
will therefore be transmitted and amplified at the tail of
the bunch. The tail deflection increases over successive
turns (lower part of Fig. 1). This simple intuitive picture
applies if the inverse of the synchrotron tune of the bunch
is much smaller than the number of turns which the
instability would take to appear. Otherwise, the bunch
particles will in general mix longitudinally. This prevents
the coherent dipole motion from growing to high values,
but the instability will still manifest itself as a head-tail
Transverse Mode Coupling Instability (TMCI) and as an
emittance growth distributed all along the bunch.
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Figure 1: Schematic of the single-bunch instability caused
by electron cloud.

When the bunch passes through the electron cloud, the
electrons oscillate in the electric potential of the positron
bunch. At first the oscillation is incoherent, but gradually
a coherent oscillation of both electrons and bunch parti-
cles develops along the bunch. The coherent oscillation
grows from any small initial perturbation of the bunch (or
electron) distribution. The oscillation of the electrons is
not purely harmonic because of the nonlinear nature of the
forces and because of the nonuniform longitudinal bunch
profile, as well. Nevertheless, if we consider only the elec-
trons transversely very close to the bunch, within the range
of linearity of the bunch field, we can write down their
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Figure 2: y(t) and the phase space trajectories of five
test electrons starting from initial conditions (y0, ẏ0) =
(iσy , 0) with i = −2, ..., 2.

equation of motion (for example for the vertical y direc-
tion) in the simple form

d2y

dt2
+

2λ(t)rec
2

(σx + σy)σy
[y− < y >bunch (t)] = 0 , (1)

where

λ(t) =
Npr√
2πσz

exp

[
− (ct − 2σz)

2

2σ2
z

]
−2σz < ct < 2σz;

σx, σy and σz are the rms beam sizes in x, y and
z; Npr is the number of protons contained in the bunch;
< y >bunch (t) is the beam centroid vertical position along
the bunch. Fig. 2 shows the y(t) and the phase space trajec-
tories of five test electrons starting from initial conditions
(y0, ẏ0) = (iσy, 0) with i = −2, ..., 2. We have used the
SPS parameters summarized in Table I1 in order to solve
Eq. (1) numerically, choosing < y >bunch (t) as a ran-
dom number in the interval (−σy/10, σy/10) at each dif-
ferent time step. We can deduce from Fig. 2 that in this case
the electrons perform less than one full oscillation over the

1By mistake, in most of the simulations discussed hereafter the value
of α was the one reported in this table, which is actually the slip factor η of
the SPS for protons at 26 GeV. This explains why these simulations were
for a bunch below transition energy, and a resonance is observed when
carrying out the scan of the positive chromaticities. We also report some
results obtained using the correct value α = 1.8 × 10−3 when already
available. The full analysis has not yet been repeated

167Chamonix XI

that causes the beam to go unstable under the action of the
electron cloud wake-field is schematically shown in Fig. 1.
Assuming that the bunch enters the electron cloud with its
head slightly offset (upper part of Fig. 1), there will result
a global net force acting on the electrons towards the head
centroid position and consequently an accumulation of
electrons in that region. The newly reconfigured electron
distribution will thus kick the following bunch particles
toward the higher density region. The motion of the head
will therefore be transmitted and amplified at the tail of
the bunch. The tail deflection increases over successive
turns (lower part of Fig. 1). This simple intuitive picture
applies if the inverse of the synchrotron tune of the bunch
is much smaller than the number of turns which the
instability would take to appear. Otherwise, the bunch
particles will in general mix longitudinally. This prevents
the coherent dipole motion from growing to high values,
but the instability will still manifest itself as a head-tail
Transverse Mode Coupling Instability (TMCI) and as an
emittance growth distributed all along the bunch.

Electrons

Bunch

After a few passages through the
electron cloud

Bunch

Electrons

Direction in which the bunch moves

Figure 1: Schematic of the single-bunch instability caused
by electron cloud.

When the bunch passes through the electron cloud, the
electrons oscillate in the electric potential of the positron
bunch. At first the oscillation is incoherent, but gradually
a coherent oscillation of both electrons and bunch parti-
cles develops along the bunch. The coherent oscillation
grows from any small initial perturbation of the bunch (or
electron) distribution. The oscillation of the electrons is
not purely harmonic because of the nonlinear nature of the
forces and because of the nonuniform longitudinal bunch
profile, as well. Nevertheless, if we consider only the elec-
trons transversely very close to the bunch, within the range
of linearity of the bunch field, we can write down their

-0.003 -0.002 -0.001 0.001 0.002 0.003

      6
-4. 10

      6
-3. 10

      6
-2. 10

      6
-1. 10

     6
1. 10

     6
2. 10

     6
3. 10

dy/dt   (m/s)

y  (m)

1 2 3 4

-0.003

-0.002

-0.001

0.001

0.002

0.003
y   (m)

t  (ns)

Figure 2: y(t) and the phase space trajectories of five
test electrons starting from initial conditions (y0, ẏ0) =
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Ongoing project SLAC/LBL/CERN via US LARP DOE program
Proton Machines, Electron Cloud driven instability - impacts SPS
as high-current LHC injector

Photoelectrons from synchrotron radiation - attracted to positive beam
Single bunch effect - head-tail ( two stream) instability

TMCI - Instability from degenerate transverse mode coupling -
may impact high current SPS role as LHC injector
Multi-lab effort - SLAC, CERN, LBL, INFN-LNF

J. D. Fox CM22 BNL May 2014 2
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Essential Features

HBTFB - High Bandwidth Transverse Feedback 
Wideband feedback system (GHz bandwidth) for SPS 
Intra-bunch GHz transverse feedback system 
Help stabilize beam against Ecloud and TMCI effects 
Under development with LARP 
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Control of Non-linear Dynamics
GHz Bandwidth Digital Signal Processing
Optimal Control Formalism - allows formal methods to quantify stability and dynamics,
margins
Research Phase uses numerical simulations ( HeadTail), Reduced Models, technology
development, 1 bunch Demonstrator, SPS Machine Measurements

J. D. Fox CM22 BNL May 2014 3
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Progress since the 2013 Collaboration Meeting
Demonstrator hardware system

Noise Floor improvements
Robust timing re-synch
Power Amplifier evaluations, specification methods

Nonlinear simulation codes/feedback model studies
Control Methods for Q20 SPS Optics

Development of MD data analysis methods
Validate measurements against models
Reduced Model and Control design

Development of wideband kicker designs
Conceptual design report July 2013
Mechanical design (Striplines), Fabrication of Stripline prototypes
Optimization of Slotline conceptual design for Fab after Stripline

LARP DOE Project Review - FNAL February 2014
Multi-year project proposal with resource plans
Proposal to develop full-featured system for post LS2 SPS use

FY14 priorities - expand Demonstration system for wideband
operation, install proto kicker, after LS1 explore controllers and
wideband kicker with beam. MD Data Analysis methods,
Explore/validate Q20 control methods

J. D. Fox CM22 BNL May 2014 4
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Beam Measurements, Simulation Models, Technology
Development, Driven Beams and Demo System
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4 GS/s 1 bunch SPS Demonstrator processing system

Proof-of-principle channel for 1 bunch closed loop
tests in SPS - commissioned November 2012

Provides wideband control in SPS after LS1
(installation of wideband kicker)

Reconfigurable processing - evaluate processing
algorithms

Platform to evaluate control methods and
architectures

J. D. Fox CM22 BNL May 2014 6
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Upgrades to the SPS Demonstrator

DOE Review of LARP – February 17-18, 2014 
5 
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Fall 2014 - Robust Timing re-synch
Fall 2014 - New wideband stripline prototypes
FY14 - Evaluate power amplifier options
FY14 -FY15 Expand DSP capabilities to multi-bunch, synched excitation
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Feedback Filters - Frequency Domain Design

FIR up to 16 taps

Designed in Matlab

Filter phase shift at tune must be
adjusted to include overall loop
phase shifts and cable delay

Feedback Filters

FIR up to 16 taps

Designed in Matlab

Filter phase shift at tune must
be adjusted to include overall
loop phase shifts and cable
delay
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HBFB Progress Report February 6, 2013 6 / 22

The processing system can be expanded to support more complex
off-diagonal (modal) filters, IIR filters, etc as part of the research and
technology development
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1 GHz wideband kicker development
CERN, LNF-INFN, LBL and SLAC Collaboration. Design Report SLAC-R-1037

Evaluate stripline array, overdamped cavity trio and slotline options.

Reviewed July 2013 at the CERN LIU-SPS Review

Decision - Stripline prototypes in fab , Slotline prototype in design based on
electromagnetic simulations, shunt impedance, overall complexity, number of amplifiers
and timing adjustments

Collaboration: J. Cesaratto (SLAC), S. De Santis (LBL), M. Zobov (INFN-LNF), S. Gallo
(INFN-LNF), E. Montesino (CERN), et al

J. D. Fox CM22 BNL May 2014 9
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Measuring the dynamic system - open/closed loopMeasuring the closed loop system - methods
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We want to study stable or unstable beams and understand impact of feedback

We can vary the feedback gain vs. time, study variation in beam input, output

We can drive the beam with an external signal, observe response to our drive

System isn’t steady state, tune and dynamics vary

Excite with chirps that can cross multiple frequencies of interest

Unstable systems can be studied via Grow-Damp methods, but slow modes hard to
measure

HBFB Progress Report February 6, 2013 8 / 22

We want to study stable or unstable beams and understand impact of feedback
System isn’t steady state, tune and dynamics vary
We can vary the feedback gain vs. time, study variation in beam input, output
We can drive the beam with an external signal, observe response to our drive
Excite with chirps that can cross multiple frequencies of interest
Unstable systems via Grow-Damp methods, but slow modes hard to measure

J. D. Fox CM22 BNL May 2014 10
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Feedback control of mode 0

Spectrograms of bunch motion, nominal
tune 0.175

After chromaticity ramp at turn 4k, bunch
begins to lose charge→ tune shift.

Feedback OFF -Bunch is unstable in
mode zero (barycentric).

Feedback ON - stability. Feedback is
switched off at turn 18K, beam then is
unstable

J. D. Fox CM22 BNL May 2014 11
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Progress in Simulation Models
Critical to validate simulations against MD data

Collaboration and progress from CERN and SLAC, but
Need to explore full energy range from injection through extraction
Explore impact of Injection transients, interactions with existing transverse damper
Still needs realistic channel noise study, sets power amp requirements
Still needs more quantitative study of kicker bandwidth requirements
Minimal development of control filters, optimal methods using nonlinear simulations

Continued progress on linear system estimation methods
Reduced Models useful for formal control techniques, optimization of control for
robustness
Model test bed for controller development
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HeadTail Feedback Combined Model
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Nonlinear system, enormous parameter space, difficult to quantify margins
Collaboration K. Li, O. Turgut, C. Rivetta
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State Space coupled model - fit to measurements

Fit models to excitation, response
data sets from chirps

Characterize the bunch dynamics
- same technique for simulations
and SPS measurements

Critical to evaluate the feedback
algorithms

  

J. D. Fox CM22 BNL May 2014 14



Project Overview Recent Results Reviews Plans for FY14 and FY15 Big Picture extras Benefits for HL LHC

Comparison of HEADTAIL with Reduced Model

Figure: HeadTail Vert. Motion, Driven by 200
MHz, 0.144 - 0.22 Chirp, 1000 Turns.

Figure: RMS Spectrogram of HEADTAIL
Driven by 200 MHz Chirp Excitation

Figure: Vertical Motion of the Reduced
Model.

Figure: RMS Spectrogram of Model Driven
by 200 MHz Chirp Excitation

J. D. Fox CM22 BNL May 2014 15
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MD vs Model - open loop multiple mode excitations

Driven chirp- SPS Measurement spectrogram (left) Reduced Model spectrogram (right)
Chirp tune 0.175 - 0.195 turns 2K - 17K
0.177 Barycentric Mode,Tune 0.183 (upper synchrotron sideband)
Model and measurement agreement suggests dynamics can be closely estimated using
fitted model
Study changes in dynamics with feedback as change in driven response of model

J. D. Fox CM22 BNL May 2014 16
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MD vs Model - open loop multiple mode excitations

Driven chirp- SPS Measurement spectrogram (left) Reduced Model spectrogram (right)
Chirp tune 0.172 - 0.188 turns 2K - 17K
0.179 Barycentric Mode,Tune 0.184 (upper synchrotron sideband), 0.189 (2nd sideband)
Model and measurement agreement suggests dynamics can be closely estimated using
fitted model (4 oscillator model) - but nonlinear effects seen in machine data
Study changes in dynamics with feedback as change in driven response of model

J. D. Fox CM22 BNL May 2014 17
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Feedback design - Value of the reduced model
Controller design requires a linear dynamics model
The bunch stability is evaluated using root-locus and measurements of the fractional tune.
Immediate estimates of closed-loop transfer functions, time-domain behavior
Allows rapid estimation of impact of injected noise and equilibrium state
Rapid computation, evaluation of ideas
Q20 IIR controller is very sensitive to high-frequency noise - would higher sampling rate (
two pickups) be helpful?

Left: FIR filter controller designed for Q26 at fβ = 0.185, fs = 0.006
Right: IIR filter controller designed for Q20 at fβ = 0.185, fs = 0.017

J. D. Fox CM22 BNL May 2014 18
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FNAL LARP Internal Review Report June 2013

Wideband feedback systems 
 
The R&D has shown significant progress in the last year, with a successful testing of the 
single-bunch prototype in the SPS 
 
There is reasonable confidence that an extension of the demonstrated approach will fulfill the 
requirements of damping high frequency instabilities in the SPS. The general approach can 
be extended to solving similar problems in the LHC and PS. 
 
 
#1 Can the proposed project scope fit within the schedule and budget guidance given? 
Presented schedule estimates are optimistic and have minimal headroom to react to 
additional budget pressures. 
 
#2 Are the proposed cost, cost profiles and schedules reasonable? 
To meet LS2 schedule for installation into the SPS, the engineering effort must clearly pivot 
from development mode to production mode by 2017. 
 
We feel that proposed manpower allocations may be underestimated. To appropriately 
amortize the engineering work done in the research phase of the project (through 2016), there 
has to be continuity in engineering manpower. 
 
#3 Are external risks (schedule, contributions) adequately considered? 
To reduce external risk associated with the extent of CERN's commitment to make local 
expertise available to assist and participate in commissioning, a more formal statement from 
CERN is needed. 
 
The project risks losing momentum if LS2 dates slide. 
 
#4 Is the technical plan proposed by each sub-project optimally developed? Are there 
additional technical risks that should be considered? 
Kicker design is still in relatively early stage and several significant issues remain to be 
investigated and addressed, such as handling beam-induced power and ultra high vacuum 
requirements. 
 
 
#5 Is the proposed management structure appropriate for the scope and scale of the 
project? 
Not presented. 
 
#6 Are there additional comments the Committee feels are relevant, regarding either 
individual tasks or the project as a whole? 
We suggest exploring collaboration with RHIC, which has similar instabilities for which it is 
pursuing feedback damping. 
 
Installation of a prototype wideband kicker in the SPS before the end of LS1 is critical. 

J. D. Fox CM22 BNL May 2014 19
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CERN Review (July 2013) - Impact of new SPS Q20 optics requires new controller design
study and stability analysis. Additional work added to original scope of effort

J. D. Fox CM22 BNL May 2014 20
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 Wide Band Feed Back – Findings [1]  
 
•  The proposed funding reductions will jeopardize or even prevent the 

probability of delivering the necessary hardware in the appropriate time 
frame. 

•  It may be possible to reprogram some of the proposed construction 
activities to be part of an ongoing R&D program even after initiation of the 
construction project. 

•  Extension to include an LHC WBFS may be natural in the future. 

5 

 Wide Band Feed Back – Comments [1]  
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FY2014 Development path - Research Areas

During LS1 shutdown interval
Expand Demo system

Wideband Kicker Prototype for SPS Installation LS1 ( CERN fabrication)
Improve Timing synchronization to the SPS RF system,
Expand firmware, incorporate tools for analysis

Evaluate wideband RF Amplifiers, purchase 2 if funded
Diagnostic and beam instrumentation techniques to optimize
feedback parameters and understand system effectiveness
Continued simulation and modeling effort, compare MD results
with simulations, explore new controllers
Prepare for SPS re-start and next round of beam studies starting
fall 2014

J. D. Fox CM22 BNL May 2014 22
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FY2015/2017 Research , Technology path
MD measurements with wideband DEMO system (SPS beam time
and analysis)

Diagnostic and beam instrumentation techniques to optimize feedback parameters
and understand system effectiveness
Continued simulation and modeling effort, compare MD results with simulations,
explore new controllers
Evaluate options for Kickers ( wideband? dual band?) and upgrade tunnel
High-Power wideband RF amplifiers for SPS operation

Technology Development and system estimation for Full-function
system

Wideband 20 - 1000 MHz RF power amplifiers, with acceptable phase response
Slotline Kicker protype tests
RF amplifier aquisition and support for SPS tests
Low-noise transverse coordinate receivers,orbit offset/dynamic range improvements,
pickups
Expand Master Oscillator, Timing system for Energy ramp control

High-speed DSP Platform consistent with 4 -8 GS/sec sampling
rates for full SPS implementation

lab evaluation and firmware development
estimation of possible bandwidths, technology options for deliverable

J. D. Fox CM22 BNL May 2014 23
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Upgrades to the SPS Demonstrator - Roadmap

DOE Review of LARP  February 17-18, 2014 
10 

!"#"$%&'()&'*$+*,*-./0*12$3.&(0&/$

- DAC Only
- 4GSa/s

- ADC +DAC + DSP
- 4GSa/s
- Snapshot Memory

- ADC +DAC + DSP
- 4GSa/s
- Excite/Record Mode
- DAC Clock Sync

- ADC +DAC + DSP
- 8GSa/s
- Inclusion of all previous 
features
- New Design
- New Platform

2011 2012 2013-2015

2017-2020

Excitation
System

Single-Bunch 
Feedback 

Demonstrator

Initial
Concept

8GSa/s
Architecture 
Studies and 
Component 
Evaluations

- Design Study
- Identify System 
Components

8GSa/s
Feedback 
Test Bed

8GSa/s:
Define 

Architecture and 
Components for 

8GSa/s  
Platform

Multi-Bunch 
Feedback 

Demonstrator
(Phase 1)

Post LS2 
SPS Tests

Further SPS Testing
(possible PS tests)

Full-Featured 
Prototype

- Detailed Design
- Select Components

Multi-Bunch 
Feedback 

Demonstrator
(Phase 2)

2014 2015 2016-2018

2016-2018

- ADC +DAC + DSP
- 4GSa/s
- Inclusion of all prev feat
- Orbit Offset Reject
- Enhanced Filters
- Enhanced Diagnostics
- New RF Amplifiers

- Build test bed system
- ADC +DAC + DSP
- 8GSa/s
- Subset of demo system 
features & functions

The Demo system is a platform to evaluate control techniques
MD experience will guide necessary system specifications and capabilities
The path towards a full-featured system is flexible, can support multiple pickups and/or
multiple kickers
We will benefit from the combination of Simulation methods, machine measurements, and
technology devlopment
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Multi-Lab Collaboration
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Wideband Intra-Bunch Feedack - Considerations

The Feedback System has to stabilize the bunch due to E-cloud or
TMCI, for all operating conditions of the machine.

unstable system- minimum gain required for stability

E-cloud - Beam Dynamics changes with operating conditions of the machine, cycle (
charge dependent tune shifts) - feedback filter bandwidth required for stability

Acceleration - Energy Ramp has dynamics changes, synchronization issues ( variation in
β), injection/extraction transients

Beam dynamics is nonlinear and time-varying ( tunes, resonant frequencies, growth rates,
modal patterns change dynamically in operation)

Beam Signals - vertical information must be separated from longitudinal/horizontal signals,
spurious beam signals and propagating modes in vacuum chamber

Design must minimize noise injected by the feedback channel to the beam

These questions can only be understood with both MD Studies and Simulation methods

Receiver sensitivity vs. bandwidth? Horizontal/Vertical isolation?

What sorts of Pickups and Kickers are appropriate? Scale of required amplifier power?

Saturation effects? Impact of injection transients?

Trade-offs in partitioning - overall design must optimize individual functions

J. D. Fox CM22 BNL May 2014 27
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Demonstration 1 bunch processor

Synchronized DSP processing system, initial 1 bunch controller
Implements 16 independent control filters for each of 16 bunch “slices"
Sampling rate 4 GS/s (3.2 GS/s in SPS tests)
Each control filter is 16 tap FIR (general purpose)
A/D and D/A channels
Two sets of FIR filter coefficients, switchable on the fly
Control and measurement software to synchronize to injection,
manipulate the control filters at selected turns
Diagnostic memories to study bunch motion, excite beams with arbitrary
signals - Key feature for beam diagnostics and analysis
Reconfigurable FPGA technology, expand the system for control of
multiple bunches
What’s missing? A true wideband kicker. Technology in development.
These studies use a 200 MHz stripline pickup as a kicker

J. D. Fox CM22 BNL May 2014 28
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MD Results, technology and data analysis

2009 - 2012: MD studies of open-loop unstable motion,
development of analysis methods, technology development of
excitation system and in-tunnel amplifiers, limited bandwidth
kicker, driven studies
2012 - 2013: MD trials (November, January, February) implement
one-bunch feedback control (with 200 MHz bandwidth kicker)

5 and 7 Tap FIR filters, gain variations of 30dB, Φ varied postive/negative
Studies of loop stability, maximum and minimum gain

Driven studies (Chirped excitations)
variation in feedback gain, filter parameters
multiple studies allow estimation of loop gain vs frequency (look at
excitation level of several modes)
interesting to look at internal beam modes

Feedback studies of stable, marginally stable and unstable beams
Analysis methods to validate feedback performance, validate
models

J. D. Fox CM22 BNL May 2014 29
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Chirp excitation in represented in frequency and time
domain

same data, two complementary analysis methods
Excitation methods (chirps, random, selected modes)
mode-specific shaped temporal excitations
ability to clearly excite through mode 4

J. D. Fox CM22 BNL May 2014 30
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Research and Technology Timeline
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Essential goal - be ready at end of LS2 with full-function system ready to commission
SPS upgrade after LS2 ( new injector, higher currents, new operational modes)
We must use the demo system, MD time post LS1 to validate control ideas, validate kicker
and technical approach. Full Function is only 1 design iteration away from Demo System

J. D. Fox CM22 BNL May 2014 31
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CERN HL Plan, Feedback is needed after LS2
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2015 2016 2017 2018 2019
Q4 Q1 Q2

2020 2021
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q3 Q4

2022 2023 2024 2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3

Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2 Q1 Q2 Q3 Q4

2029 2030 2031 2032 2033 2034

Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4

Q2 Q3 Q4 Q1 Q2 Q3
2035

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q4Q2 Q3 Q4 Q1 Q2 Q3Q4 Q1 Q2 Q3 Q4 Q1

Only EYETS (19 weeks)   (no Linac4 connection during Run2)  
LS2  starting in 2018 (July) 18 months + 3months BC (Beam Commissioning) 
LS3 LHC: starting in 2023 => 30 months + 3 BC 
 injectors: in 2024       => 13 months + 3 BC 
 

LHC schedule beyond LS1 

Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LHC schedule  approved by CERN management and LHC experiments spokespersons and technical coordinators 
Monday 2nd December 2013 

SPS upgrade after LS2 ( new injector, higher currents, new operational modes)
Essential Feedback goal - be ready at end of LS2 with full-function system ready to
commission
Wideband Feedback is different from other LARP projects - it is needed after LS2
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Planning a Realistic Feedback Test MD

We are working on MD plans to test this system
"Do Feedback on Unstable Beams" - is not the first test!
The main goal is to use this minimum hardware to quantify the
impact of the feedback channel in the beam dynamics
Validate operation of the system through measurements on
single-bunch stable beams
Timing and synchronization

As for Excitation, setting up consistent timing of front-end, back-end
is critical
Use excitation methods to time back-end data stream and beam
Working on codes to time front-end data path to beam and define
the overall phase of the closed loop system

J. D. Fox CM22 BNL May 2014 33
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Planning a Realistic Feedback Test MD, II

We want to validate fundamental behavior of the feedback
channel, compare to estimates using the reduced models /
macro-particle simulators.
Excite beam and do closed-loop tests. Measure changes in
response due to feedback channel

Drive Mode 0, Mode 1, ..., and damp the bunch motion
Quantify and study the transients
Use switchable FIR coefficients for grow-damp and open-damp
transient studies

To conduct the measurements, ideally use snapshot memory of
ADC data stream, read via PC interface, MATLAB offline analysis.
To drive the beam, use either the excitation system or the intrinsic
capability of the feedback prototype channel.

J. D. Fox CM22 BNL May 2014 34
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Unstable beam -Input, Output signals via snapshotSystem Input, Output signals via snapshot
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Example of gain reduction during stable control, loss of control after gain restoration
3k turns later. Transient deserves more complete analysis
Mode zero unstable beam
Gain modulated ×8-×2-×8 during cycle
For turns 0-8k, 8k-11k, 11k-end
Input ( left), DSP output (right) Note gain of filter, DC suppression and saturation
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Example of gain reduction during stable control, loss of control after gain restoration 3k
turns later. Transient deserves more complete analysis.
Mode zero unstable beam
Gain modulated ×8-×2-×8 during cycle
For turns 0-8k, 8k-11k, 11k-end
Input (left), DSP output (right) Note gain of filter,DC suppression and saturation
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Example Q20 IIR control Filters
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1 zero
no zero
3 zeros
2 zeros

Q20 optics has much higher synchrotron tune ( 0.017)
Impact - much wider control bandwidth
filters with flat phase response have high gain above the beam motion frequencies - add
noise
Technical direction - Explore multi-pickup sampling ( higher effective Nyquist limit, better
rejection of noise)
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Wideband Feedback - Beam Diagnostic Value

processing system architecture/technology
reconfigurable platform, 4 - 8 GS/s data rates
snapshot memories, excitation memories
applicable to novel time and frequency domain diagnostics
Feedback and Beam dynamics sensitive measure of impedance
and other dynamic effects

Complementary to existing beam diagnostic techniques

J. D. Fox CM22 BNL May 2014 37
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Hardware Equalizer
Pickup response distorts beam signals

Long cables also have nonlinear phase
response

Existing software equalizer used in matlab
data processing

we need a real-time ( hardware) equalizer
for processing channel

Optimzation technique - can be used for
kicker, too
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Software Equalized signal has been

shifted and scaled to match centroid

and height of hardware equalized

Modeled Gaussian beam signal
Unequalized signal
Hardware equalized signal− Bessel
Software equalized signal− Bessel
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Feedback algorithm complexity and numeric scale
LARP CM-13  November  2009

Feedback Channel - Complexity? Scale?

Frequency spectrograms suggest:

sampling rate of 2 - 4 GS/sec.  (Nyquist limited sampling of the most unstable modes)

Scale of the numeric complexity in the DSP processing filter

• measured in Multiply/Accumulate operations (MACs)/sec.

SPS  -5 GigaMacs/sec ( 6*72*16*16*43kHz)

• 16 samples/bunch per turn, 72 bunches/stack, 6 stacks/turn, 43 kHz revolution frequency

• 16 tap filter (each slice)

KEKB (existing iGp  system) - 8 GigaMacs/sec.

• 1 sample/bunch per turn, 5120 bunches, 16 tap filters, 99 kHz revolution frequency .

The scale of an FIR based control filter using the single-slice diagonal controller model is not very
different than that achieved to date with the coupled-bunch systems.

What is different is the required sampling rate and bandwidths of the pickup, kicker structures, plus
the need to have very high instantaneous data rates, though the average data rates may be comparable.
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Wideband Feedback - Benefits for HL LHC
CERN LIU-SPS High Bandwidth Transverse Damper Review

Multiple talks, on impacts of Ecloud, TMCI, Q20 vs. Q26 optics, Scrubbing fill, etc.
Particular attention to talk from G. Rumolo
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SPS wideband Feedback - helps with Ecloud
instability control, applicable for possible TMCI

Feedback is complementary to coatings, grooves, other methods
Reduces need for chromaticity as cure for instability, low chromaticity beneficial for beam
quality
Provides a measure of flexibility in choice of operating parameters, lattice options
Emittance growth from any coherent fast motion can be suppressed
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SPS wideband Feedback - value for Scrubbing Fill

Comments from G. Rumolo
Scrubbing Fill - 5 ns bunch separation
Exceeds bandwidth of existing transverse damper
Fill suffers from transverse instabilities and enhanced Ecloud
Wideband feedback enhances scrubbing, potential use of this fill in LHC
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Wideband Feedback - Applications to the PS

PS might benefit from wideband transverse feedback
Reconfigurable, programmable architecture can target PS
Comments from G. Rumolo
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Wideband Feedback - Applications to the LHC (G.
Rumolo)

Reconfigurable, programmable architecture, technology applicable to LHC
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Wideband Feedback - Implementation in LHC

Architecture being developed is reconfigurable!
Processing unit implementation in LHC similar to SPS:

SPS LHC
RF frequency (MHz) 200 400
frev (kHz) 43.4 11.1
# bunches/beam 288 2808
# samples/bunch 16 16
# filter taps/sample 16 16
Multi-Accum (GMac/s) 3.2 8

LHC needs more multiply-accumulation operation resources because of # of
bunches, but reduced frev allows longer computation time (assuming diagonal
control).

LHC signal processing can be expanded from SPS architecture with more FPGA
resources
Similar architecture can accommodate needs of both SPS and LHC.

Still need kicker of appropriate bandwidth with acceptable impedance for LHC.
Learn from SPS experience.
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